The interpretation of the nuclear magnetic resonance (NMR) spectra of proteins in structural terms is predicated on a quantitative knowledge of the spectral changes which accompany the polymerization of amino acids and their arrangement in specific secondary and tertiary structures. Despite some elegant work,'-4 the decade which elapsed since the high-resolution NMR spectra of amino acids5' 6 and proteins7' 8 were first observed and qualitatively accounted for9 has left unanswered some of the most important questions, such as (1) the extent to which chemical shifts observed upon the incorporation of an amino acid into a peptide chain reflect the formation of a peptide bond at the N and the C terminal, respectively; (2) the effects of a given residue on the shifts of its nearest and next-nearest neighbors along the peptide chain; and (3) the side-chain dependence of the shifts observed on titration5' 6, 10 and helix-coil transition."-"5
It is the purpose of this and subsequent papers to show that the chemical shifts accompanying the incorporation of a given amino acid into a polypeptide chain can be systematized in terms of a few, relatively simple rules. The findings offer little hope for the use of NMR for the analysis of the primary sequence of large peptides, but underscore its usefulness in the study of secondary and tertiary structure.
Experimental.-Most of the peptides were purchased and, if spectroscopically pure, were used without purification.
All spectra were recorded on a Varian DP-60 high-resolution spectrometer, as previously described.'5 The measurements were made in DC1, D20, or NaOD solution at 30'C, unless otherwise specified. Sodium 2,2-dimethyl-2-silopentane-5-sulfonate (DSS) was used as an internal and hexamethyl-disiloxane (HMS) as an external reference. All shifts are reported in counts per second (cps) or parts per million (ppm) from DSS. The concentration of each peptide was 0.05 M. The ionic form of each solute was identified by pD measurements using a glass electrode with a Beckman model G pH meter. The empirical correction pD = pH + 0.4 has been applied to all measurements. Solutions of peptide cations showed pD values of 0.9-1.0, those of zwitterions 5.4-6.0, and those of anions 12-13. In the case of peptides containing either more than one acidic or basic group, the pD value of the solution was adjusted so as to correspond to the fully ionized form.
Results and Discussion. ferences in the chemical nature of the nearest neighbor (at either the N-or the Cterminal) are an order of magnitude smaller than the changes in the chemical shift resulting from titration or from the formation of a peptide bond. ( 2) The chemical shifts of glycine in glycyl-amino acid cations and glycyl-amino acid zwitterions are almost identical (within 3 cps), and so are the shifts in aminoacyl-glycine zwitterions and aminoacyl-glycine anions, respectively (within 2.5 cps), indicating that the charge on the glycine-amino group dominates the shift, whereas the charge on the neighboring amino acid has only a small effect. (3) The shift of the CH2 peak in aminoacyl-glycine anions (226.0 cps) is approximately 40 cps (0.66 ppm) to lower fields as compared to the glycine anion (185.6 cps). Since the state of protonation of glycine is the same in the two cases, this large shift can be attributed directly to the formation of the peptide bond at the N-terminal. In contrast, (4) the shifts of the CH2 peak in glycyl-amino acid cations (231.8 cps) are almost identical to that in free glycine cation (231.2 cps). From this one may infer that formation of a peptide bond at the C-terminal makes only a small contribution to the over-all chemical shift. Finally, (5) in a number of aminoacyl-glycines and some of the glycylamino acids, a chemical shift nonequivalence for the two methylene protons is observed, giving rise to an AB pattern in place of the usual glycine singlet. This has been previously observed by Mandel"6 for the middle residue of leucyl-glycylglycine and has been recently discussed by Morlino and Martin."7 Our findings are in agreement with theirs, except that because of the better resolution of our instrument we have been able to detect splitting in L-alanylglycine, L-serylglycine, and L-prolylglycine. Our interpretation of the phenomenon differs somewhat from theirs and will be discussed in the last section.
The chemical shift differences apparent in Table 1 can be compared in a variety of ways. The most obvious and most informative comparison is between two species which differ by a single chemical change such as the glycine anion and the X-glycine anion, where the only chemical change is the substitution of the uncharged amino acid residue X-for a proton on the uncharged amino group of glycine. A comparison between the glycine zwitterion and the X-glycine zwitterion, on the other hand, reflects at least two chemical steps, i.e., the removal of the charge from the glycine-amino group, and the substitution of a positively charged residue X at the N-terminal.
There are, in all, eight single-step comparisons which can be made on the data in Table 1 . These are indicated diagrammatically in Figure 1 . A single chemical shift term is assigned to each step. The remaining comparisons in Figure 1 are between species which differ by more than one chemical step. According to the above analysis, these over-all shifts may be expressed as a sum of terms, each reflecting one individual step.
The analysis of the data in Table   YCONHCH2COO fall into the range of 0.3-1 ppm as first-order shifts and to those which fall into the range of 0.01-0.2 ppm as second-order shifts. It is noteworthy that first-order shifts resulting from changes in the primary or secondary structure are observed only for a-C protons, whereas second-order effects may be seen for both the ca-C and the side-chain protons.1 '8 11, 15 Large chemical shifts affecting the side-chain protons may thus be taken as reflecting the tertiary structure of a polypeptide chain. The magnitude of the tertiary structure shifts for a-C protons remains to be established, but because of the geometry of the polypeptide chain it is likely to be large only in exceptional circumstances.
First-order shifts: Three first-order shifts are apparent in Table 1 '9 20 to identify the N-and C-terminal amino acids in peptides. The only noteworthy feature of the present data lies in the virtual independence of the titration shift from the nature of the neighboring amino acid at either the N-or C-terminal end. This is apparent from the small standard error of the mean for titration shifts in different peptides. (1)
In the case of glycine CH2 peaks in nonhelical polypeptides, the uncertain term A,, is not required, and chemical shifts may be predicted to within 0.1 ppm.
Second-order shifts: A closer inspection of the data reveals several much smaller, but nevertheless discernible shifts.
(1') The C-terminal peptide shift The validity of this approximation is  TABLE 2  illustrated in a sample calculation  COMPARISON OF OBSERVED AND   CALCULATED LINE POSITION FOR given in Table 2 . The data to be pre-GLYCINE-CONTAINING DIPEPTIDES sented in the second and third papers , respectively, shows the range of configurations over which each of the CH2 protons can be cis (with respect to the plane of the peptide bond) with either the amino group or with the side chain of its N-terminal neighbor. It is in these configurations that the direct effect of the neighbor will be largest. The extent of overlap is clearly different for the two protons of an aminoacyl-glycine, but much less so in the case of glycyl-amino acids, because the barriers for the rotation of an N-terminal glycine about the C-CO bond are relatively low. This accounts for the preponderance of chemical shift nonequivalence in the former.
The primary effect of charge in this view is to further restrict the averaging by increasing the lifetime of all rotamers in which the positive and negative charges appear cis to each other. Only where there is a large contribution from a magnetically anisotropic side chain are the shifts apparent without additional restrictions. * This work has been supported by grants from the National Science Foundation (NSF GB-
